ABSTRACT
INTRODUCTION

Ca
2+ is an important regulator of many components of the protein secretory pathway. It is well accepted that localized domains of high cytosolic Ca 2+ concentration ([Ca 2+ ] c ) are the trigger for the membrane fusion and exocytosis that culminates this pathway (34) . In addition, there is growing appreciation of the roles of both [Ca 2+ ] c and lumenal Ca 2+ ([Ca 2+ ] L ) homeostasis in the regulation of upstream components of the extended secretory pathway (i.e., from transcription to exocytosis; reviewed in 24). In neuroendocrine cells, [Ca 2+ ] c has been implicated as a regulator of secretory vesicle/granule recruitment into the releasable pool (44) , whereas secretory granule [Ca 2+ ] L has been shown to modulate the condensation state of peptide hormones and the probability of exocytosis (1, 18, 42) .
Intracellular Ca 2+ stores of the endoplasmic reticulum (ER) also have a dual function in the regulation of hormone release. On one hand, Ca 2+ release from the ER controls exocytosis in many nonexcitable, as well as some excitable cell types (35, 38, 49) . On the other hand, it has also been established that ER [Ca 2+ ] L must remain high for the maintenance of normal secretory pathway function. The Ca 2+ 3 milieu of the ER lumen plays an important role in the post-translational processing, sorting and packaging of secreted proteins (2, 6, 11 ] L has been depleted with thapsigargin (Tg), a potent and selective inhibitor of ER Ca 2+ ATPase (29, 47, 52) , exhibit decreased levels of certain proteins within the ER. This phenomenon is due to a stimulation of proteolysis and/or increased transport out of the ER (54) . Others have reported that Tg treatment inhibits the export of proteins from the ER, an effect probably related to errors in protein folding or other post-translational modifications (11) . Ca 2+ has also been shown to regulate mRNA translation through multiple mechanisms. Depletion of ER Ca
2+
, with Tg or Ca
-mobilizing agonist, leads to a rapid (within minutes) inhibition of translational initiation (5, 40) . Interestingly, Preston and Berlin (39) ] c without emptying intracellular Ca 2+ stores led to a robust decrease in GH mRNA levels. This study provides novel evidence that certain classes of ER Ca 2+ stores may be uncoupled from specific components of the extended secretory pathway, and imparts insights into the relative importance of cytosolic and lumenal Ca 2+ signaling in these processes. 
MATERIALS AND METHODS
Reagents
Animals and cell preparation
Animal use protocols were approved by the University of Alberta Animal Care Committee in accordance with national guidelines. Pituitaries from goldfish (Aquatic Imports, Calgary, AB), were dispersed using a trypsin/DNAase protocol that has been described previously (8 
Cell identification and Ca 2+ imaging
Morphologically identified somatotropes (>95% accuracy; 50) which had been stably and evenly loaded with Fura-II by 35-minute incubation in 10 µM of the acetoxymethyl ester form of the dye (Molecular Probes, Eugene OR), were imaged as described previously for our laboratory (23) . Cells were perifused with imaging medium (testing media without phenol red) at room temperature. The ratio of emission intensity (at 510 nm) from alternate 340 nm and 380 nm excitation was converted to [Ca 2+ ] i estimates off-line using the formula of Grynkiewicz and co-workers (17) and empirically-derived constants as detailed previously (23) .
Cellular GH content and hormone release experiments
Prolonged cellular GH content and GH release were assayed in testing medium (Gibco M199 with Hormone release measurements from static incubation studies were expressed as percentage of controls. For studies of hormone secretion in perifusion conditions, values were normalized to the mean of the first five measurements (% pretreatment). Where analyzed, net hormone release responses of perifused cell columns to treatments were quantified by integrating the area under the curve during the treatment period. Each time point was subtracted from the pre-pulse mean, defined as the average of the three time points before the treatment period.
Quantification of GH mRNA levels
RNA extraction and Northern blot analysis of dispersed goldfish pituitary cells (cultured as above)
were optimized from protocols designed for isolated pituitary fragments (20) . Briefly, total RNA was isolated with Trizol Reagent (Gibco, Grand Island, NY) based on the acid-guanidinium thiocyanate phenol-chloroform method (10) . RNA was quantified and checked for purity using a spectrophotometer . Membranes were then exposed to film. Although ethidium bromide-stained gels were imaged to ensure equal loading of lanes, membranes were also stripped and rehybridized with a probe for 18s ribosomal RNA that served as an internal standard. Treatments caused no observable change in 18s levels. Autoradiograms were scanned and quantified using the densitometry function of NIH Image 1.62
(NIH, Bethesda, MD). GH mRNA values were normalized to the internal control (18s levels) for each lane.
Statistical analysis
Statistical analyses were performed using Student's unpaired t-test or one-way ANOVA (followed by Fisher's PLSD test), where appropriate. Differences were considered to be significant when P < 0.05.
Results are presented as mean ± SEM.
RESULTS
Uncoupling of Tg-sensitive Ca 2+ stores from acute GH release
The principle physiological regulators of GH release in goldfish somatotropes, sGnRH and cGnRH-II, act by mobilizing intracellular Ca 2+ stores that are not sensitive to Tg (25 (Fig. 1) or 100 nM cGnRH-II (data 8 not shown) displayed a faster rate of rise and a rapid decay during the application period, consistent with a more 'active' release of Ca 2+ from intracellular stores (25) . At the resolution used in the present study, the spatial pattern of Tg-and GnRH-evoked Ca 2+ signals were not substantially different (Fig. 1 ).
In spite of the fact that 2 µM Tg elicited Ca 2+ signals with similar maximal amplitudes when compared to endogenous secretagogues such as sGnRH and cGnRH-II ( Fig. 1 & Fig. 2A; ref 25 ), Tg failed to stimulate the release of GH in 'rapid fraction' cell column perifusion experiments (Fig. 2B) .
Thus, Ca 2+ signals generated by 2 µM Tg may be selectively uncoupled from the acute regulation of GH secretion in goldfish somatotropes. The inability of Tg treatment to cause acute GH release was also confirmed at 0.01-1µM (data not shown).
Characterization of basal GH release and storage
In preparation for studies examining the effects of selective manipulations of Ca 2+ stores on the longterm regulation of basal GH secretion and storage, we first characterized some features of these parameters in unstimulated goldfish somatotropes. Cellular GH contents of unstimulated cells, maintained in testing medium, remained stable for at least 24 hours (results from a representative experiment are shown in Fig. 3A) . Similarly, the rate of basal GH secretion did not change significantly between the timepoints (2 hours: 370 ± 97 ng/hour; 12 hours: 263 ± 62 ng/hour; 24 hours: 271 ± 52 ng/hour; pooled results from 3 separate experiments). Although the absolute amount of GH stored and released varied between cell cultures, the relative proportion of these two components was similar in different experiments. For this reason, GH values were normalized with respect to controls in subsequent analysis.
Endocrine cells are known to release proteins, including hormones, through multiple routes, including the regulated secretory pathway and the constitutive secretory pathway (27) . The later pathway is characterized by small vesicles of newly produced proteins which bud off from the trans-Golgi network, proceed directly to the plasma membrane without being stored and immediately undergo exocytosis in the absence of a measurable global Ca 2+ signal (total time from protein synthesis to exocytosis < 1 hour; refs 27, 51). To determine the relative involvement of constitutive and regulated secretory pathways in somatotropes, we monitored the effects of cycloheximide on basal GH secretion and cellular contents. Treatment with a protein synthesis inhibitor, cyclohexamide (100 µM), did not 9 reduce GH release in 2-hour static incubation studies (Fig. 3B) . Likewise, long exposures of cyclohexamide did not affect basal GH release in perifusion experiments (Fig. 3C) . These results suggest that the constitutive secretory pathway does not play a role in basal GH secretion (up to 2 hours) from goldfish somatotropes. The observation that exocytosis evoked by ionomycin-mediated Ca 2+ influx is also unaffected by cyclohexamide, indicates that somatotropes do not preferentially release newly synthesized GH through the regulated secretory pathway.
Although prolonged treatment (12 and 24 hours) with cyclohexamide produced the expected decrease in cellular GH contents, a paradoxical increase in GH contents was observed after 2 hours (Fig.   3B ). At this time, we can only speculate as to the possible underlying mechanism of this response.
Perhaps cycloheximide inhibited the formation of a certain pool of proteins, with rapid turnover/synthesis rates, which are normally responsible for the degradation of some stored GH. Over all, the longterm effect of Tg treatment (2 µM) was the release of GH from the secretory pathway, without a concomitant maintenance of cellular GH contents (Fig. 4) . In contrast, activation of RyR with 1 nM Ry produced a biphasic response. In the first 2 hours, Ca 2+ release form Ry-sensitive store is positively coupled to GH release, contents and net production, whereas the net effect over 24
hours was a decrease in all of these parameters. On the other hand, blocking RyR Ca 2+ release channels with 10 µM Ry modulated GH cellular contents (through a slight increase in production), in manner that was only transient. Further differences in the functional coupling of Tg-sensitive Ca 2+ stores and Rysensitive Ca 2+ stores to the extended GH secretory pathway are revealed when the data are examined at each timepoint. After 2 hours, Tg treatment had initiated a sustained GH release response. Although 1 nM
Ry also stimulated GH release over 2 hours, this was accompanied by an increase in cellular GH contents.
On the other hand, the inhibition of Ca 2+ release from these stores with 10 µM Ry increased GH contents without affecting secretion. At the 12-hour timepoint, Tg-treated cells continued to release stored GH without an apparent compensatory increase in hormone production. In the presence of Tg, cellular GH contents were reduced to a level similar to that seen in experiments with cyclohexamide. In contrast, both doses of Ry did not affect GH secretion or GH contents over 12 hours. Over 24 hours, the increase in GH release from Tg-treated cultures, although still significant, was at its lowest levels compared to controls. It is important to note that since our measurements are cumulative, these later determinations of GH release are still 'contaminated' with the high responses seen after 2 hours. Over the course of the entire experiment, the stimulatory dose of Ry had resulted in a reduction in basal GH secretion, presumably due to the failure to compensate with increases in GH contents and production. Nevertheless, the modest reduction in stored GH seen in 1 nM Ry-treated cultures was significantly different from the more robust decrease seen in Tg-treated cell during the same period (p<0.05). On the other hand, blocking RyR had no significant effect on these parameters. Taken together, these data suggest that manipulations of Tgsensitive Ca 2+ stores and Ry-sensitive Ca 2+ stores in goldfish somatotropes differentially control the longterm secretion and replenishment of GH.
Next, in parallel experiments, we assessed the role of these two intracellular Ca 2+ stores in the control of GH gene expression by Northern blot analysis of GH mRNA levels. Neither 2 µM Tg nor 1 nM Ry significantly altered GH mRNA levels at any of the timepoints tested (Fig. 5) , in spite of their ability to evoke robust GH secretion during the first 2 hours. Surprisingly, application of the blocking dose of Ry (10 µM) resulted in a significant, but transient, elevation in GH gene expression at 2 hours, a time at which cellular GH contents and GH production were also increased. These results with 10 µM Ry suggest that perturbing Ry-sensitive Ca 2+ stores by blocking RyR can regulate GH biosynthesis. Although all of the treatments used in the present study were shown to modulate the apparent storage and production of GH, only the transient (2 hours) effects of 10 µM Ry are correlated with changes in GH mRNA levels. It is unlikely that these effects of Tg and Ry are attributable to changes in cell viability as the health and numbers of cells in these cultures were not different, as determined by the Trypan Blue exclusion test.
The fact that similar amounts of protein and total mRNA (quantified spectrophotometrically) were obtained from all cell cultures also attests to a lack of cell loss. accompanied by a compensatory increase in GH production (assessed by net hormone present or GH mRNA levels). The net result was a reduction in the cellular GH contents. Although the decrease in cellular GH contents induced by Tg is quantitatively similar to that seen in cyclohexamide-treated cells, the observation that Tg does not affect GH production or mRNA levels suggests that Tg and cycloheximide have different mechanisms of action. Therefore, Tg must reduce cellular contents at a site that is distal to protein synthesis on the extended secretory pathway. Although the exact mechanism of Tg action remains to be determined, we hypothesize that Tg accelerates GH traffic through the distal parts of the secretory pathway. In light of the findings that Tg does not directly stimulate acute exocytosis, we
propose that the prolonged secretion of GH in Tg-treated cultures results from an increased amount of GH released through the 'basal' mechanism. In some endocrine cell types, basal secretion has been attributed to a portion of secretory granules, which undergo random fusion in the steady state (51). We are not 13 aware of studies in other model systems that have measured similar reductions in hormone contents in Tg-treated cells.
Inhibition of Ry-sensitive Ca 2+ stores transiently stimulates GH production
It has been reported that Tg-mobilizes only a fraction of stored Ca
2+
, equivalent to between ~40% and 60%, depending on the cell type (14, 37, 46) . Thus, we examined whether other components of the ER are functionally important in somatotropes. Previous studies have shown that Ry-sensitive Ca 2+ stores participate in acute agonist Ca 2+ signaling in mammalian somatotropes (19, 36) . In spite of fact that RyR is found in many tissues (45) shown that GnRH modulation of GH mRNA levels is also transient (C Klausen, JP Chang, HR Habibi, unpublished). Collectively, these data suggest that GH release is positively coupled to Ca 2+ release from Ry-sensitive stores, at least initially.
Interestingly, whereas both Ry treatments elevated GH contents at 2 hours, only 10 µM Ry increased GH mRNA. This result, suggests (indirectly) that part of the increase in total GH seen in cells treated with 1 nM Ry over 2 hours results from some post-transcriptional enhancement of GH production.
On the other hand, the increased GH contents in 10 µM Ry-treated cells can be accounted for by the significant increase in GH mRNA expression. for typical absolute GH values (pre-normalization). 
